Incremental sheet forming (ISF) is a method to form a sheet metal into desired shape and surface features in a batch production series. This method includes forming a clamped sheet metal in controlled conditions by a CNC milling machine, lathe machine or a robot. In this study, the effects of forming parameters on the amount of stretch in stainless steel sheet using a CNC milling machine have been investigated. A ball-point shaped tool made of a bronze alloy was fabricated and used throughout the experiments. The tool acted as the indenter that formed the stainless steel sheet into a small pyramid-like shape. The results showed that as the spindle speed and feed rate increased, the amount of sheet stretch also increased, up to a point where the sheet could not stretch anymore and the process changed from forming to shear thinning and chipping. In addition, the surface quality of the part was badly affected at higher spindle speed and feed rate settings. The temperature of the lubrication oil was also measured during the process and the maximum temperature recorded was 45°C which remained constant until the end of the process. In conclusion, to obtain a good quality part while increasing the productivity of ISF, the optimized values of the feed rate and spindle speed in this work were found to be at 500 mm/min and 1000 rpm respectively.
Introduction
Forming of sheet metal can be carried out using different methods which are based on the use of punches and dies. The conventional forming methods, like stamping and drawing are always used in mass production, but require high capital investment. If a large quantity of products is not needed, the conventional methods of stamping and drawing are not desirable. Incremental sheet forming (ISF) is introduced to reduce the cost of parts for low volume production. Nowadays, the low volume production and small batch series are more usable in a large number of industries (automotive and airplane industries, rapid prototyping, parts for medical implants) and ISF appears to be significant which fills this gap among the batch and the mass production with less lead time and lower investment cost. For that reason, the main aim of this study is to determine the optimum parameters of ISF process on a CNC milling machine. ISF process is affected by the choice of the tool, clamp, machine and sheet metal. The tool should be simple, relatively low cost, available in standard size, and improve other forming parameters. In addition, a suitable tool helps to prevent some bad effects on the part being worked such as spring back, friction and twist [1] . In most experiences the tool which is suitable to be used in ISF is an indenter with spherical head mostly with a radius of 5 mm [2] [3] .
The second device is the clamp. The sheet metal should be clamped to avoid unnecessary movement during the ISF process and also works as a holder on the sheet with adjustable clamping force. A complete clamp can be a flexible fixture [4] . Furthermore, a blank mold can be employed as a complete clamp to protect the sheet. The accuracy of clamps is important in case of using a CNC machine to increase the accuracy of part geometry [5] .
The use of CNC milling machine for ISF is especially desirable for asymmetric sheet metal parts [6] [7][8] [9] . The indenter trajectory is taken from CAD file and is sent to the machine directly or indirectly. Therefore, the result is, the more upgraded controller causes the more complicated parts [10] [11] .
The final device is sheet metal that is stainless steel 316 (AISI 316) in this study. This steel is though, stretchable, shiny and corrosion resistance which makes it privilege from the other metals. In addition, ISF is a process that can support all kinds of sheet metals in variety of thicknesses. This thickness often makes a comparison between flat and performed sheet [10] in terms of thinning during the forming process. when the sheet metal part has a wide wall angles the thinning will be in a few amount [12] . The thickness of final shape should be homogeneous [13] .
The main idea of this study is to find optimum parameters to use ISF process more efficient in industry. One of these factors that are desirable in ISF named wall angle. A sharp edge which is made by a small tool head can help to decrease the amount wall angle. Somehow, sheet strength is under the influence of wall angle [14] . Increasing the wall angle causes a strong part and also avoids some failures and bad effects, but it limits the variety of design in sheet metal parts.
Materials and Methods
For this experiment, a circular blank mold was designed to set up on a CNC milling machine. The table of machine moves in X and Y axis and the vertical head moves in the Z axis. The start point or reference point of process was selected on the surface of the sheet at one corner. Therefore, the value of Z axis was in negative form during the ISF procedure. A set up mold on the machine is shown in Fig. 1 .
Fig. 1: ISF process setup on CNC milling machine
A pyramid shape was designed as the final sheet part profile. This profile has four angles that are critical points in terms of shear failure and can show the different behavior during the process. In addition, this shape can show some advantages of CNC milling machine compare to CNC lathe machine. On the other hand a milling machine has more ability to make complicated shapes in terms of movement and degree of freedom.
The part geometry was defined in CATIA V5 R20 and the programming was done by Master CAM software. All the values of X, Y and Z axis were descending during the experiment; hence, this process can be called negative forming. Furthermore, dieless forming without any partial dies is better to be in negative form in order to avoid any deviation.
Also in this experiment, a trial run was done with manual programming. All the tool path of machine was controlled by manual command to show the differences between software commands and manual commands. The manual G and M codes were more suitable because of avoidance of redundancy of commands during the experiment. In addition, the software codes were based on chipping process which was the default of the CAM software but the manual codes were based on ISF method.
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Results and Discussion
As can be seen in the Fig. 2 , spindle speed has a small effect on the rate of stretch. Forming started with the speed of 1500 RPM and then (consider of friction and tool wear) the speed was reduced to 1000 RPM. When the optimized rate of stretch is achieved, the speed of 500 RPM was selected to improve the forming parameters. However, it made some problems such as scratches on the surface of the sheet and more working time was required. Hence, the spindle speed of 1000 RPM illustrated as the best one for this study on the AISI 316 sheet metal. Four different feed rates were selected to find out the amount of sheet stretch on different feed rates as shown in Fig. 3 . The feed rates that were applied in the study were 200, 300, 500 and 800 millimeter per minute. Initially the experiment started from the feed rate of 200 mm/min then the feedrate was increased to 300 mm/min to reduce the process time. With a higher feed rate the surface quality increased because of the reduction of scratches on the sheet metal. It seemed that the result was going to be helpful thus the feed rate was increased to 500 mm/min. This feed rate showed the best condition in the forming process due to less amount of scratches, low working time and high rate of sheet stretch. Then the feed rate was increased to 800 mm/ min, but as shown in Fig. 3 sheet stretch fell sharply. At this feed rate shear breaks happened quickly. The process was near thinning and also the amount of twist phenomenon was more than what was predicted. Because of mentioned defects, deviation on the sheet occurred that caused inaccuracy on the sheet part. The feed rate of 500 mm/min and the spindle speed of 1000 RPM made the best forming conditions in this study. 
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Advances in Materials and Processing Technologies XVI It seems that sheet reduction did not turn out well because the tool motion in this experiment was not as homogenize as the tool motion in Moayedfar [15] in which a CNC lathe machine was used. It is the nature of lathe machines which are used for circular parts with high efficiency. Lathe machines make a smooth spindle orbiting in terms of vibration which affects the rate of sheet stretch and surface quality.
The amount of lubricant used during forming was very little because the nature of the milling process that requires the oil to flow on the surface of sheet and avoids friction between tool and sheet metal easily. In addition, after some experiment cycles, a concave shape was made on the clamped sheet and the ISF process continued inside the small pool of oil. The temperature of oil was rising but this amount stayed stable at 45°C. Fig. 4 shows the profile of temperature during the experiment for a complete cycle of forming. The oil temperature was measured every 30 minutes during the experiment.
Fig. 4: Temperature increase versus working time
As shown in Fig.4 , the temperature started from 25°C which was the room temperature. The temperature of the lubricant rised to 45°C and remained unchanged until at the end of the forming process. The rotating tool caused the oil to homogenize and thus avoided overheating.
It is important to note that this experiment started with many trial runs in order to improve the forming parameters. One of those runs was designed to find out the critical points on sheet parts during the stretching process. A cube shape part was selected for forming, thus the wall angle was 90° which was ideal for ISF. The results showed that critical points were at the edges of the cube that had the biggest stretch on the sheet. Shear failure occured at the depth of 18 mm which was lower than the expected amount. Fig. 5 illustrates the cube pyramid shape which failed during the experiment and it shows that the most thinning occured at the edges of the cube. One more big challenge in using CNC programming for ISF was the problem on data transfer. Because in ISF process the depth of part is separated to numerous steps, there are hundreds of cycles for every process that require thousands of command lines; hence, a direct numerical controller Advanced Materials Research Vol. 939 (DNC) can only solve the transferring problem. To overcome this challenge, the last programming tests were written manually and edited partially to be transferred to the CNC machine.
CAM software uses a strategy for programming in terms of a chipping process; therefore, it cannot be efficient for the forming process. The programming was done manually to avoid redundancy in programming and decrease the command lines from 8000 lines to 450 lines. Fig. 6 also shows the final sheet part that was successfully produced in this study. The pyramid shape sheet part has the wall angle of 60° and the height of 25 mm. The programming was manually selected and transferred to the CNC milling machine controller. It should be mentioned that a small deviation happened at the beginning, but it was eliminated during the process.
Fig. 6: Final pyramid part produced by ISF Summary
In conclusion, the rate of sheet stretch in ISF process using a CNC milling machine is influenced by some parameters such as spindle speed, feed rate and temperature. Although these parameters are not the total essential factors of this procedure but they have a huge effect on the rate of sheet stretch which remains as the most important challenge in ISF. Stainless steel sheet metal was employed in this work because of its wide application in industry. The optimum parameters found in this study are feed rate and spindle speed of 500 mm/min and 1000 rpm respectively.
